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Abstract
Experiments are presented in which a random dot pattern moved vertically upwards (velocity vector V1) and then abruptly
changed its direction of motion by the angle a (velocity vector V2), either to the left or to the right, without changing the speed.
Subjects performed simple reactions to the direction change, disregarding its sign. In another experiment choice reactions to the
same stimuli were performed: the subjects pushed a left button when the direction change was to the left and a right button when
the change was to the right. The simple reaction time decreased monotonically with a increasing from 11° to 169°, whereas, within
the same range of angles, a U-shaped curve described the function of the choice reaction time versus a. Both types of reaction
time increased with decreasing the base speed. Difficulties are outlined which occur when the angle of change a is considered as
‘intensity’ of the stimulus. Instead, the parameter V2V1, the absolute value of the difference between the velocity vectors before
and after the change, is shown to be a meaningful ‘intensity’ parameter for the simple reaction task. The parameter V2N, the speed
of the velocity component normal to the initial velocity vector V1, is suggested as an ’intensity’ parameter for the choice reaction
task. It is shown that the simple and choice reactions to changes in direction of visual motion are performed by two distinct
mechanisms which seem to work in parallel and may be nearly equally fast for small angles of change, when V2V1:V2N.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The objects in our visual environment often change
the direction of their motion. During locomotion, walk-
ing or driving a bicycle, the changes in the direction of
the optic flow provide an important input for maintain-
ing equilibrium and control of motor behavior. A basic
task of the visual system is to provide input for quick
reactions to these changes.
Studies of this important aspect of the visual func-
tions are relatively rare. Sekuler, Sekuler, and Sekuler
(1990) focussed on the role of stimulus uncertainty on
the simple reaction time (SRT) to smaller or greater
changes in direction. Dzhafarov, Sekuler, and Allik
(1993) measured the SRT for various speed changes of
unidimensional motion, including velocity reversals.
They suggested that having an initial velocity vector V11
the velocity change detection system is reinitialized by
means of a ‘subtractive normalization’ process (see also
Sekuler et al., 1990). As a result, any change from V1 to
V2 is detected as if it was the onset of a motion with a
speed equal to V2V1. Hence, the detection time, and
correspondingly the SRT, is a decreasing function of
V2V1, the absolute value of the difference between
the velocity vectors before and after the change. Having
this hypothesis in mind, rather nontrivial predictions
can be quantitatively tested. For example, the SRT to a
change in speed from 4 to 8 deg:s should be equal to
* Corresponding author. Tel.: 49-231-1084280; fax: 49-231-
1084401.
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1 In this text the symbol V, boldface and italics, is used for labeling
velocity vectors; the symbol V is used for labeling the speed of the
vector.
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the SRT to the offset of motion with 4 deg:s speed,
since V2V14 deg:s in both cases. Or, the SRT to
a change from 4 to 12 deg:s should be equal to the SRT
to the velocity reversal of a motion with 4 deg:s speed,
since V2V18 deg:s for both changes. These pre-
dictions have been experimentally confirmed by Dza-
farov et al. (1993). Hohnsbein and Mateeff (1998)
demonstrated that temporal thresholds for detection of
speed increments, decrements and velocity reversals are
functions of V2V1 in the same way.
Recently Mateeff, Genova, and Hohnsbein (1999)
studied the SRT to two-dimensional velocity changes to
various angles. With the same speed before and after
the change, they found a monotonic decrease of the
SRT with increasing angle of change from 6° to 180°.2
The authors demonstrated that the parameter V2V1
can be very useful in describing also these data rather
well. They extended the ‘subtractive normalization’ hy-
pothesis for the case of simple reactions to two-dimen-
sional velocity changes. Mateeff et al. suggested that in
the task to react to a change in direction, from V1 to
V2, the detection system is monitoring the new vector
V2 by decomposing it into two components: V2C, a
vector component collinear to V1, and V2N, a vector
component normal to V1. The speeds of both compo-
nents are ‘normalized’ by the initial velocity V1: the
speed of V2C is ‘normalized’ to V2CV1 whereas the
‘normalized’ speed of V2N remains V2N, since the
normal component of V1 is zero. Then, the change is
detected as if it were a motion onset with a speed equal
to that of the ‘normalized’ vector V2. This speed is
(V2CV12 V2N2)1:2 V2V1
In this way the time to react to a direction change
becomes a decreasing function of V2V1. For the
case of the same speed before and after the change, i.e.
for V2 V1V, we have V2V12 sin(a:2) where
a is the angle between V2 and V1. This way of describ-
ing the data is based on the hypothesis that the motion
vector is decomposed in two orthogonal components;
the notion of ‘motion detectors’ is not used for this
explanation. However, alternative explanations of these
data based on properties of motion detectors are also
possible; they are also considered in the present work.
To our knowledge, the choice reaction time (CRT) to
direction changes has never been studied although
choice reactions seem to be a much more important
and common type of motor behavior than simple reac-
tions. In this paper a choice reaction paradigm was
studied in which a direction change at a given angle a
was presented to the subject in two variants: a clock-
wise and a counterclockwise deviation of V2 in respect
to the initial vector V1. We expected that for the same
set of stimuli the relationship between CRT and a
should be rather different from that between SRT and
a. The demonstration of this difference was one of the
goals of the present study. We assume that the pro-
cesses of simple and choice reaction to direction
changes are associated with processes of detection and
discrimination of the changes, respectively. The visual
mechanism that is engaged in the detection process is
labeled as monopolar and the mechanism engaged in
discrimination as bipolar (Thomas, 1985; Klein, 1985).
The monopolar mechanism is sensitive to the magni-
tude of the change, but it is insensitive to its sign, or
polarity. It can establish the presence of a change in
direction, but cannot establish whether the change has
been clockwise or counterclockwise. The bipolar mech-
anism is sensitive to the polarity of the change; pre-
sumably, it is also sensitive to the magnitude of the
change. Here, a relevant question is whether or not the
visual system is equipped with both mechanisms. If
only a bipolar mechanism were available, it could also
perform the job of the monopolar one, but not vice
versa (Harris & Fahle, 1995). Recently Mateeff et al.
(2000) pointed out that in the case of changes in speed
of motion, both detection and discrimination might be
indeed based on only a single, bipolar mechanism. In
the present study experimental evidence was collected
that unlike the speed changes, the direction changes are
detected and discriminated by two distinct mechanisms
of the monopolar and bipolar type, respectively.
2. Method
2.1. Apparatus
The subject sat 30 cm in front of a white, 0.7 cd:m2
uniformly-illuminated screen and fixated binocularly a
point positioned straight ahead. A random dot pattern
was presented within an invisible circular aperture of
9.5 deg diameter. The fixation point was placed (3.8
deg) below the lower border of the aperture. Prelimi-
nary observation showed that with this peripheral pre-
sentation the subject was able to avoid any undesirable
pursuing of the dot pattern. The dot pattern was con-
tinuously rear-projected onto the screen by means of an
oscilloscope and a sieve. The sieve consisted of a sheet
of black paper punched with randomly distributed
holes. The oscilloscope was placed behind the screen
and the sieve between the oscilloscope and the screen.
The brightness of the electron beam was adjusted to
maximum. The holes of the sieve rear-projected a multi-
ple image of the electron beam; in this way a large
random dot pattern appeared on the screen. The sub-
ject could see only that part of the pattern that was
within the aperture. It had a density of 1.3 dots:cm2 on
average, each dot was c. 0.4 cm (0.75 deg) in diameter
2 In this text the symbol ‘°’ is used to specify the angle between two
vectors or orientations; ‘deg’ is used for degrees of visual angle.
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Fig. 1. The velocity vectors for each single dot of the pattern in Exps.
1 and 2 are illustrated. The dot moves vertically upward (vector V1)
for a random duration between 1 and 2 s. Then it abruptly changes
the direction to the angle a (vector V2) either to the left or to the
right. The speed before and after the change is the same. In Exp. 1
the subject is asked to perform a simple reaction when any change
occurs. In Exp. 2 choice reactions to the same changes are required.
tion between 1 and 2 s, then the direction abruptly
changed randomly either to the left or to the right by
the same angle a (Fig. 1). The base speed V of motion
was the same before and after the change. The subject
had to press a single button always with the same finger
as quickly as possible after any change in direction
occurred. The SRT was measured for angles of
change a11°, 22°, 56°, 90°, 124°, 158° and 169° and
for two base speeds, V4 and 12 deg:s. A single block
of this experiment consisted of 60 trials with fixed V
and a, the direction changing randomly to the left or to
the right.
Five subjects, three female and two male, 27–40
years old, participated. They all had previous experi-
ence with SRT experiments. Four of them were naı¨ve as
to the purpose of the experiment, the fifth one was the
first author. At first, each subject was trained with all
combinations of V and a, then for each of the 14
combinations of conditions a total of 180 SRT mea-
surements was collected. All RTs that were below 140
ms or above the mean plus 2.5 standard deviations were
discarded. In this and in the next experiments the
percentage of the rejected data varied between 2 and
9% among the subjects and the conditions. The median
of the rest was taken as a representative value of the
SRT for this condition.
3.2. Results
The results for the two speeds are presented in Fig.
2A,B. The data were treated by an ANOVA with the
subject factor considered as random. For four of the
subjects the SRT decreased monotonically with increas-
ing angle of change; with one of the subjects, the SRT
tended to increase when a approached 180°. The main
effect of a was significant (F40.6; df6, 24; PB
0.0001). The averaged SRT was lower when the speed
and 2 cd:m2 in luminance. Thus the Michelson-contrast
of the pattern was 0.48. When the electron beam
moved, the dot pattern also moved across the aperture.
The voltage from two 16-bit D:A converters was fed to
the x- and y-inputs of the oscilloscope, controlled by a
PC Pentium 100. The motion of the pattern across 1
deg of visual angle on the screen was sampled by 1500
steps; each new position of the beam was calculated
every 0.1 ms. More details about this projection method
are given in Mateeff, Dimitrov, and Hohnsbein (1995).
3. Experiment 1
3.1. Stimuli and procedure
The dot pattern moved upwards for a random dura-
Fig. 2. Median SRTs from Exp. 1 for the five subjects are shown as a function of the angle of change a. (A) Data for 4 deg:s base speed. (B)
Data for 12 deg:s base speed.
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Fig. 3. Median CRTs from Exp. 2 for the five subjects are shown as a function of a. (A) Data for 4 deg:s base speed. (B) Data for 12 deg:s base
speed.
was higher; this main effect of the base speed was also
significant (F72.8; df1,4; P0.001). These factors
interacted significantly (F18.52; df6, 24; PB
0.0001), the curves in Fig. 2A were steeper than those in
Fig. 2B.
4. Experiment 2
4.1. Stimuli and procedure
The same blocks of 60 trials as in Exp. 1 were used in
this experiment. The subject had to press a left button
with the left hand when the direction changed to the
left and a right button with the right hand when the
motion deviated to the right. The CRT was measured
and the number of errors registered. The subjects and
the method of data rejection were the same as in Exp.
1. None of the subjects had previous experience with
CRT experiments.
4.2. Results
The results for the two speeds are presented in Fig.
3A,B. With each subject a U-shaped relationship be-
tween the CRT and a was obtained. The main effect of
the angle of change was significant (F12.7; df6, 24;
PB0.0001, ANOVA with subject factor considered as
random). The averaged CRTs were lower when the
speed was higher; this main effect of the speed was
significant (F69.8; df1,4; P0.001). The CRT for
angles of change greater than 90° tended to be shorter
than those for corresponding angles less than 90°. To
test the significance of this effect, an ANOVA was
carried out with an additional two-level factor, ‘aB90°
versus a\90°’. The values of the 90°-level were not
included in this analysis and the 11°, 22° and 56° levels
were regarded as equivalent to the 169°, 158° and 124°
levels. The main effect of the ‘aB90° versus a\90°’-
factor was significant (F97.8; df1,4; P0.006).
The mean error rate increased up to 5.5% on average
when a approached 180° (Fig. 4).
5. Experiment 3
Exps. 1 and 2 showed that for each of the two base
speeds the SRT and the CRT to the smallest angle of
change were rather similar. This surprising result
should be regarded with caution, however, since the
data were obtained in different experiments and days.
Fig. 4. Mean percentage of errors obtained in Exp. 2 as a function of
a for 4 and 12 deg:s speed.
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Table 1
Data from Experiment 3a
SpeedSubject
12 deg:s4 deg:s
SRT CRT SRT CRT
AT 396381 341 364
418 335380 366SH
337TW 357 306 323
417 368MF 403418
412 352394 380DB
440SM 448 404 424
Mean 391.7 408 351 376.7
25.7Difference 16.3
a The individual median SRTs and CRTs are given in ms.
6. Experiment 4
In Exp. 4 temporal thresholds for detection and
discrimination were determined for the most extreme
angles in Exps. 1 and 2, namely 11° and 169°, and for
the base speeds of 4 and 12 deg:s. The temporal
threshold for detection of a change in velocity seems to
be a reliable estimate of the velocity-dependent compo-
nent of the simple reaction time to that change (Mateeff
et al., 1995, 1999). To clarify the origin of the asymme-
try of the U-shaped curves in Fig. 3, the threshold times
for discrimination of the 11°- and 169°-changes were
compared. The experiment was also aimed at establish-
ing whether the time to detect the 11°-change would be
the same as the time to discriminate it, as it could be
inferred on the basis of the data in Table 1.
6.1. Stimuli and procedure
In the detection condition two-interval trials were
presented to the subject. One of the two contained
uniform motion for 1 s in upward direction. In the
other one the dots moved vertically at first, then for T
ms to an angle a to the right, thereafter the dots
continued to move vertically (Fig. 5A). The total dura-
tion of the motion was also 1 s; the durations of both
portions of vertical motion were equal. The subject
indicated the interval containing the change by pushing
one of two buttons (2AFC). The ‘transformed up-and-
down’ method, as described by Levitt (1971) was used
for estimating the temporal threshold: the duration T of
the non-vertical portion of motion was increased by
one step after each incorrect response and decreased by
one step after four consecutive correct responses. The
first two reversals (or three, to obtain an even number
of reversals) of each block were discarded. The average
of the remaining reversal points provides an estimate of
threshold duration, associated with 84.1% correct
responses.
A 2AFC was used also in the discrimination condi-
tion. Two-interval trials were presented; in one of the
two the motion deviated for T ms to the left, in the
other one for the same duration to the right (Fig. 5B).
The subject indicated the interval that contained the
change to the left by pushing one of two buttons. The
same ‘up-and-down’-procedure as in the detection con-
dition was employed for estimating the threshold dura-
tion, associated with 84.1% correct responses.
Five subjects participated in the experiment, two
female and three male, aged 27–47. Two of them had
already participated in Exps. 1 and 2. At first each
subject had a 2-day period for training and for deter-
mining her:his individual step-sizes for the up-and
down staircase. Then, the data were collected within
three daily sessions containing randomized measure-
ments of both detection and discrimination thresholds
Fig. 5. The motion stimuli employed in the two-interval trials of Exp.
3 are shown. (A) Stimuli for the detection task, 11° and 169° deg. The
subject has to distinguish between a motion with constant velocity
and a motion that deviates to the right for duration T. (B) Stimuli for
the discrimination task, 11° and 169° deg. The subject has to distin-
guish between a change to the left and a change to the right for
duration T.
To determine more reliably the offset between the SRT-
and CRT-curves we carried out Exp. 3. In this experi-
ment the difference between the SRT and the CRT for
the smallest angle was measured, while both tasks were
carried out in the same experimental session. The same
trials with 11°-changes and the two base speeds as in
Exps. 1 and 2 were used. After training, six new sub-
jects had to perform alternatively simple and choice
reactions in blocks of 60 trials. For each of the four
combinations ‘type of reactionspeed’, four blocks
were run. The data are presented in Table 1; they
confirm, indeed, that the CRT is rather similar to the
SRT for the small change in direction. For 4 deg:s, the
average SRT was 16 ms shorter than the CRT; for 12
deg:s the average SRT was 26 ms shorter than the
CRT.
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for each combination of experimental conditions. Each
temporal threshold was obtained by averaging at least
30 reversal points.
6.2. Results
The results are presented in Table 2. For both speeds,
the time to detect the 169°-change was significantly
shorter than both, the time for detecting the 11°-change
(PB0.004, two-tailed paired t-test) and the time to
discriminate the 169° change (PB0.005). The averaged
difference between the thresholds for discrimination of
11°-change and 169°-change was not significantly dif-
ferent from zero (P0.86 for 4 deg:s and P0.085 for
12 deg:s). Surprisingly, the discrimination thresholds
for the 11°-change tended to be shorter than the
thresholds for detection of the same angle. This ten-
dency was not significant for 12 deg:s speed (P0.17),
but it was significant for 4 deg:s (P0.032).
7. Discussion
There are cells in the area MT of primates that are
selectively sensitive to direction of motion (Albright,
1984; Maunsell & van Essen, 1983; Britten & Newsome,
1998). This finding supports the well-known hypothesis
that motion direction is registered by selective units,
channels or detectors, tuned to a specific direction of
motion. An acceptable explanation of our SRT data
can be suggested on the basis of the fact that direction
detectors have a given bandwidth (Britten & Newsome,
1998). The initial motion with direction V1 (Fig. 1)
elicits activity in the detectors’ pool. The activity is
highest for the V1-detector, but detectors tuned to
adjacent directions are also activated to some extent. A
distribution of activities appears on a sensory contin-
uum that is monitored by the monopolar mechanism.
When the direction changes to V2 a new distribution
starts to appear on the sensory continuum. The
monopolar mechanism has to decide whether the new
activity belongs to the ‘old’ distribution or to a ‘new’
one. This is very similar to the classical task of detect-
ing signals in noise, the ‘old’ distribution corresponding
to the ‘noise’. The information about the ‘new’ distribu-
tion is accumulated up to some critical criterion level.
When the criterion is reached, a decision is made that
the direction has changed and the simple reaction is
elicited. The accumulation needs time; the larger the
overlap between the ‘old’ and the ‘new’ distributions,
the longer the time it takes for reaching the criterion
(see Link, 1992). Therefore, increasing a from 11° to
169° would result in an increase of the separation
between the ‘old’ and ‘new’ distributions, thus leading
to shorter detection times and faster reaction times.
When both distributions are separated by more than
two half-bandwidths of the direction detectors, the
detection time is expected not to decrease further, but
to reach an asymptote. Raymond (1993) used direction
selective adaptation to moving random dot patterns to
determine that the half-bandwidth is 935–40°. Wata-
maniuk, McKee, and Grzywacz (1995) obtained values
of 941–57° using the paradigm of detection of trajec-
tory motion embedded in random-direction motion
noise. The curves in Fig. 2 arrive at an asymptote at
approximately 100°, estimated by eye. Therefore, the
half-bandwidth of the putative direction detectors
should be about 950°, a value that is in agreement
with the data of the cited studies. Therefore, the SRT
measurement for various a might also provide a
method for estimating the bandwidth of the direction
detectors.
More problematic is the explanation of the CRT data
on the basis of both the ‘old’ and the ‘new’ distribu-
tions of detectors’ activities. Let us assume that the
mode of the ‘old’ distribution determines a zero point
on a sensory continuum with plus and minus on both
sides of the zero. For aB90°, a bipolar mechanism
would be able to establish whether the ‘new’ distribu-
tion appears on the positive or on the negative side of
Table 2
Temporal thresholds obtained in Experiment 4a
Subject Detection Discrimination
4 deg:s 12 deg:s 4 deg:s 12 deg:s
11°169°11°169°11°169°11° 169°
20.8 (0.77)87.2 (3.9)BG 11.1 (0.84)64.1 (4.8) 45.8 (2.5) 46.8 (1.93) 42.5 (3.5) 41.8 (1.73)
148.4 (9.6) 21.0 (1.6) 77.0 (3.4)BK 18.1 (1.6) 91.0 (6.8) 92.2 (4.2) 60.9 (5.0) 52.9 (2.2)
149.2 (11.8) 30.6 (1.5) 73.9 (3.7) 11.3 (0.8)GD 79.4 (2.7) 94.3 (4.7) 73.5 (4.0) 41.5 (2.8)
55.2 (6.6)79.3 (6.5) 48.3 (4.3)23.1 (3.1) 65.3 (2.8) 16.0 (1.1) 74.5 (8.1) 66.7 (5.3)LS
59.4 (4.4) 48.0 (5.8) 35.0 (3.6)25.4 (1.4)MP 42.0 (3.2)92.6 (8.1) 8.2 (1.2) 73.1 (5.2)
71.9 56.0 43.9Mean 111.3 24.2 64.5 12.9 72.8
a The data are in ms. The 95% confidence limits are given in parentheses for each value.
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Fig. 6. The mean SRTs from Exp. 1 are plotted against V2V12
sin(a:2). The data for 4 deg:s are drawn with filled symbols, the data
for 12 deg:s, with empty symbols. The interindividual SEM are
plotted. The equation of the solid line is SRT0.205*V2
V10.550.249.
changes, and the shortest reaction times should be
expected to occur for 90° changes. Again, the difficulty
here would be how to define common ‘left’ and ‘right’
for the 11° and 169° changes. It is apparent that these
possible explanations require rather artificial assump-
tions. The basic reason for this state of affairs is that a
decision space is assumed that is in fact related to the
continuum of the angles, a. This continuum is limited
to 360° having no natural zero point; the notions of
‘greater’ and ‘less’ are arbitrary when a is regarded as
‘magnitude’ of the stimulus, thus leading to difficulties
in formulating a meaningful decision rule.
Both, SRT and CRT, decreased with increasing base
speed. This finding is in keeping with psychophysical
data that indicate that higher speeds are generally
associated with better detection and discrimination per-
formance (van Doorn & Koenderink, 1982; DeBruyn,
& Orban, 1988; Werkhoven, Snippe, & Toet, 1992;
Mateeff et al., 1995, 1999; Mateeff & Hohnsbein, 1996).
This effect cannot be explained yet within the frame-
work of a signal-detection analysis of the activity of the
direction detectors. The effect of the speed seems to be
at the level of the properties of the detector units rather
than at the level of the decision process.
Direction detectors may certainly be involved in the
perception of motion, but not necessarily in the process
of perceiving a change in direction. Below we show that
the simple and choice reaction behavior, observed in
Exps. 1 and 2, can be accounted for without consider-
ing the bandwidth of the detectors for direction. As we
described it in the Introduction, the SRT to direction
changes can be mathematically described as a function
of the parameter V2V1, the absolute value of the
difference between the motion vectors before and after
the change. In Fig. 6 the data from Fig. 2A,B, averaged
across all subjects, are plotted as a function of V2
V12V sin(a:2). It is seen that using V2V1 instead
of a as an independent variable substantially decreases
the variance due to the different base speeds. The
equation of the solid line is SRT0.205*V2
V10.550.249.
Functions of the type SRTC*InSRT0, where I
stands for the intensity of the stimulus, are known as
Pieron functions (Pieron, 1920). Here the stimulus con-
sists of a change in direction; the ‘intensity’ of the
stimulus should be some function of the angle of
change. The quantity V2V12V sin(a:2) seems to
be a good candidate to act like an ‘intensity’ parameter.
It provides a meaningful metric for describing the re-
sults from detection and simple reaction experiments. It
has a natural zero point and the physical dimension of
speed. Constructing a decision space that is related to
V2V1 rather than to a does not encounter
difficulties. This quantity is positive (for 0°BaB360°)
regardless of whether the change is to the left or to the
right; a mechanism that would accumulate information
the continuum. The decision is taken when enough
information is accumulated to reach either a positive or
a negative criterion. The accumulation process should
take shorter time when the ‘old’ and the ‘new’ distribu-
tions are more separated, i.e. with larger a. However,
with a\90° the CRT again increases despite the large
separation between the distributions. Therefore, the
decision might not be taken on the basis of a compari-
son between the two sensory distributions elicited by
both vectors V1 and V2 but on the basis of the distribu-
tion of V2 only. What then could the system compare
this distribution to?
At the moment, only speculations can be suggested
for answering this question. The V2-distribution might
be compared to two ‘standard’ quantities that are
stored in memory and correspond to a ‘left’ and a
‘right’ change. The subject may know them by experi-
ence or from the previous trials of the experiment.
However, the comparison would need a rather arbitrary
decision space. Another possibility would be to con-
struct a circular decision space with two zero-points,
corresponding to the directions of V1 and V1, with
a positive and a negative hemi-circle, corresponding to
‘left’ and ‘right’. The decision time would be deter-
mined by the ratio between the areas of the V2-distribu-
tion on the negative and on the positive part of the
decision space. A third possibility would be that the
bipolar mechanism compares the orientations of the
lines of motion before and after the change. Orienta-
tion-sensitive mechanisms may be involved in the dis-
crimination of motion directions (Westheimer and
Wehrhahn, 1994). If this was the case, the 11° changes
should elicit the same sensory effects as the 169°
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about V2V1 until a criterion is reached would be by
definition of monopolar type. It should be also noted
that an exponent of nearly 0.5 is typical for Pieron
functions describing the SRT to onset of motion versus
the speed (Hohnsbein, Dimitrov, & Mateeff, 1996)
The process of vector decomposition can be also
employed in describing the data for discrimination and
choice reaction to changes. We suggest that the compo-
nent of V2 that is normal to V1 underlies the discrimi-
nation of the polarity of the change. In Fig. 7A,B the
CRT data are plotted as a function of the absolute
value of the horizontal component of V2, V2NV sin
a. It is seen that for both, a\90° and aB90°, this way
of presentation of the data substantially eliminates the
effect of the different speeds. The constants C and n of
the Pieron functions describing the CRT-data are simi-
lar to those describing the SRT-data. Therefore, the
normal component can be formally used as ‘intensity’
of the stimulus for the case of choice reaction to
direction changes. Like V2V1, this parameter has
also a natural zero point and the dimension of speed,
and neither its value nor its sign depends on the initial
direction of the motion. A mechanism that would accu-
mulate signed information about the normal compo-
nent until a positive or a negative criterion value is
reached would be by definition of bipolar type.
The effort to determine the ‘intensity’ of the stimulus
employed in a given perceptual or motor task is com-
mon for visual psychophysics. It is worth comparing
the present study to that of Thomas, Fagerholm, and
Bonnet (1999) in which reaction times to gratings of
different spatial frequencies and contrasts were mea-
sured. Both factors interact significantly, but the au-
thors have shown that a common ‘‘intensity’’
parameter, the product of contrast and spatial period of
the grating, can describe the diverse data by a unitary
Pieron function. The key to this result was the assump-
tion that the effect of low and middle spatial frequen-
cies on the reaction time is due to low-pass filtering in
a single channel. In the present study, the hypothesis
that the motion velocity is decomposed is a key for
suggesting V2V1 and V2N as ‘intensity’ parameters.
We do not know of any neurophysiological data sup-
porting this hypothesis. However, there are perceptual
phenomena indicating that this process may indeed
occur in the visual system. Nice examples for velocity
decomposition can be found in the studies of Johansson
on common vector analysis (Johansson, 1950). Re-
cently, Watanabe (1997) also showed that velocity de-
composition may occur at a perceptual level.
Some limitations of the present considerations should
be outlined. First, the ‘generalized’ Pieron function as
established by Dzhafarov et al. (1993) is SRT
C(V1)*V2V1nSRT0, the parameter C(V1) being
an increasing function of the motion speed before the
change. In this way Dzhafarov et al. provided a Weber-
like description of the process of detection of speed
changes. The time course of C(V1) for the two-dimen-
sional case is yet unclear. Second, the study of Hohns-
bein and Mateeff (1998) showed that the time it takes
to detect a short direction change at 60° is not equal to
the time for detecting a short offset of motion, regard-
less of the fact that the parameter V2V1 is the same
for both velocity changes. Therefore, we are still far
from a general theory that would be able to account for
the time it takes to detect any change in velocity, in
speed as well as in direction. The considerations in the
present discussion are valid for the case of the same
base speed, before and after a two-dimensional change.
The CRT curves in Fig. 3A,B are not symmetric. One
explanation may be that the visual system may be more
sensitive to the 169° changes than to the 11° changes.
Fig. 7. The mean CRTs from Exp. 1 are plotted against V2NV sin(a). The data for 4 deg:s are drawn with filled symbols, the data for 12 deg:s,
with empty symbols. The interindividual SEM are plotted. (A) Data for a590°, the equation of the solid line is CRT0.2*V2N
0.50.274. (B)
Data for a]90°; the equation of the solid line is CRT0.11*V2N
0.550.299.
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This could be a result of fast adaptation during the
period of initial motion in direction of V1. Therefore,
detectors that are tuned to directions near V1, i.e. to 11°
and 22°, may decrease their sensitivity as compared to
those tuned to directions of 169° and 158°. However,
Exp. 4 does not support this explanation. The averaged
threshold times for discrimination of 11° and 169° are
essentially the same for 4 deg:s speed, and the tendency
for a lower 169°-threshold for 12 deg:s speed is not
significant. However, one could argue that the initial
motion in Exp. 4 lasted for about 0.5 s whereas in Exps.
1 and 2 it lasted for between 1 and 2 s. Sekuler et al.
(1990) showed that the SRT to direction changes de-
creases with increasing duration of the initial motion up
to 700 ms. It might be possible that initial motions
longer than 1 s lead again to increases in RT. Further
experiments will show whether this is the case. If adap-
tation of this kind would lead to the asymmetry of the
CRT curves, this result would be an argument in favor
of the hypothesis that the CRT is determined by the
activity of direction detectors.
A factor that certainly should contribute to the asym-
metry is that both criterion values used by the bipolar
mechanism may be lower for the 169° change than for
the 11° change. Lower criteria are associated with faster
CRTs, but on the cost of a higher error rate. Fig. 4
shows that the error rate was indeed higher for the 169°
changes. It is known that the speed-accuracy trade-off
function is rather nonlinear within the range of lower
error rates (Swensson, 1972). Small changes of the
percentage of errors are associated with large changes
of the CRT in this range and could possibly lead to the
significant asymmetry of the CRT curves. In Table 2
the temporal thresholds for detection of 169°-changes
are much lower than the discrimination threshold for
the same angle. This finding is in agreement with the
fact that the SRTs for 169° are shorter than the corre-
sponding CRTs. The results from Exp. 4 taken together
with those from Exps. 1 and 2 suggest that for the
169°-changes the detection process may be completed
much earlier than the discrimination process. The low
criterion levels in the 169°-condition of the CRT task
may occur due to the early detection of the change by
the monopolar mechanism. In a way, the subject may
become ‘impatient’ and may adopt the strategy to
respond earlier.
In Exp. 4, some subjects needed about 1.5–2 times as
much time to detect the 11°-change as to discriminate
it. This result resembles findings of Harris and Fahle
(1995). In their study the thresholds for discrimination
of a vernier offset were almost twice as low as the
detection thresholds. Similar reasoning to that of Harris
and Fahle can be also applied to explain the 11°-case of
Exp. 4. A 2AFC procedure was used in this experiment;
therefore the responses should be determined by the
difference between the magnitudes of the change in the
first and in the second interval of the trial (Macmillan
& Creelman, 1991). In the detection condition this
difference is 911°; in the discrimination condition the
difference is 922° (Fig. 5A,B). If the quantities V2
V1 and V2N rather than a would be taken as magni-
tudes of the changes, the ratio between the differences
would be the same, since V2V12V sin(a:2) and
V2NV sin(a) are almost the same for a11°. Here
an exact model based on the theory of Link (1992)
would be useful to quantitatively predict the relation-
ship between the presentation time and the accuracy of
the responses, but such a model is beyond the scope of
this paper. It can be qualitatively expected that the
same level of 84.1% correct responses should be
achieved in a shorter time with the 22° difference
between the intervals than with the 11° difference.
Thus, the (at first glance paradoxical) result appears
that with 2AFC a change can be faster discriminated
than detected. Shorter discrimination thresholds should
not be expected with a method of single stimuli, i.e.
with a single observation interval in each trial. The
temporal threshold for 2AFC discrimination should
increase if the subject would occasionally disregard one
of the intervals, either the first or the second, and
would base the response solely on what he:she has seen
during the other interval. In fact, the procedure would
be essentially a Single-Stimuli one in this case.
Recently Pins and Bonnet (1996) studied the simple
and the choice reaction time to visual stimuli at differ-
ent luminance levels. They found that the CRT was
equal to the SRT plus a time of 50–100 ms that is
independent of luminance. The finding may be inter-
preted as evidence for two serially operating mecha-
nisms: once the stimulus is detected the process of its
identification seems to take a constant time. In the
present study we found an example in which the curves
of SRT and of CRT versus the ‘intensity’ of the stimu-
lus are not parallel, and moreover, the difference be-
tween the higher values of the SRT and CRT is much
smaller. The difference between the results in the two
studies may not be due solely to the difference between
the ‘intensity’ parameters of the stimuli used. The data
of Pins and Bonnet are rather in favor of two mecha-
nisms, for detection and identification, which seem to
work serially in the choice reaction task. The present
data are more in support of two parallel mechanisms.
Both the choice and the simple reaction tasks have been
carried out within the same sessions of Exp. 3. The
16–26 ms mean difference (Table 1) between the SRT
and the CRT for 11°-change seems too low to support
the hypothesis of a serial operation of the two mecha-
nisms. Having in mind that responding with two hands
should generally take a longer time than responding
with the same hand, it could be suggested that in the
case of V2V1:V2N of Exp. 3 the times to detect
and to discriminate the stimulus may have been essen-
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tially the same. With a180° the value of V2V1
monotonically increases; correspondingly the SRT
should monotonically decrease. However, the two par-
allel mechanisms may be in competition with each
other. Subject KN seems to provide such an example in
Exp. 1; her SRT does not decrease monotonically with
increasing a (Fig. 2). Most probably, this subject has
occasionally waited to perceive at first the polarity of
the change and then to push the button. Here, as it was
suggested in Section 1, the bipolar mechanism seems
indeed to have done the job of the monopolar.
In conclusion, the present data support the hypothe-
sis that two distinct mechanisms are engaged in detec-
tion and discrimination of changes in direction of visual
motion. They use different aspects of the motion infor-
mation. The mechanisms seem to operate in parallel
and even to compete with each other, thus leading to
nearly the same times of simple and choice reaction to
small angles of change.
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